A three-dimensional (3D) finite element electromechanical model of the heart is employed in simulations of seismocardiograms (SCGs). To simulate SCGs, a previously developed 3D model of ventricular contraction is extended by adding the mechanical interaction of the heart with the chest and internal organs. The proposed model reproduces the major peaks of seismocardiographic signals during the phases of the cardiac cycle. Results indicate that SCGs record the pressure of the heart acting on the ribs. In addition, the model reveals that the rotation of the rib with respect to the heart has a minor effect on seismocardiographic signal morphology during the respiratory cycle. SCGs are obtained from 24 human volunteers and their morphology is analyzed. Experimental results demonstrate that the peak of the maximum acceleration of blood in the aorta occurs at the same time as the global minimum of the SCG. It is confirmed that the first SCG peak after the electrocardiogram R-wave corresponds to aortic valve opening, as determined from the impedance cardiogram (p = 0.92). The simulation results reveal that the SCG peaks corresponding to aortic valve opening and the maximum acceleration of blood in the aorta result from ventricular contraction in the longitudinal direction of the ventricles and a decrease in the dimensions of the ventricles due to the ejection of blood, respectively.
Introduction
Blood flow in the major vessels, movement of the ventricular walls, and opening and closing of the heart valves produce vibrations on the body surface. Historically, measurements of these mechanical vibrations have been widely used in the diagnosis of cardiac diseases [1] . Specifically, precordial and cardiac examinations such as palpation and auscultation have been performed since the 16 th century [2] .
The pulsations of the heart and of the great arteries are assessed with palpation of the chest of the patient, while the examination of heart sounds is performed via auscultation using phonocardiograph [3] . Seismocardiography is a method for quantifying lowfrequency vibrations produced by the heart. In particular, seismocardiograms (SCGs) record the acceleration of the sternum produced by the contractions of the heart. The peaks in a seismocardiographic signal coincide with specific cardiac events of the cardiac cycle, such as the opening and closing of the heart valves [4] [5] [6] [7] . The amplitude and morphology of seismocardiographic signals may be affected by factors such as respiration [7] , cardiac contractility [8] , and heart rhythm [9] . The effect of respiration on seismocardiographic signal morphology is shown in Fig. 1 .
Clinical application and further improvement of seismocardiography have been limited to some extent by the fact that the mechanisms underlying the morphology of the signal still remain unclear. To understand the processes that give rise to seismocardiographic signals, a mathematical model is required. Mathematical models have already provided insight into the physiological mechanisms that underlie signals recorded from other modalities that measure the pulsations of the heart, such as ballistocardiography [1] . The results from these models have justified the use of ballistocardiography in clinical studies [10] .
In contrast to ballistocardiography and quantitative seismocardiography [11] , SCGs are recorded from areas located close to the heart; therefore, the heart movements themselves have a major effect on the morphology of the signal. As such, a comprehensive model of the heart that includes a representation of the volume of the heart is required to simulate SCGs. Recently, we developed an anatomically accurate three-dimensional (3D) electromechanical model of heart ventricles and employed it to simulate seismocardiographic signals [6] . Although this computational model reliably reproduces some of the clinically observed peaks in SCGs during isovolumic contraction and ventricular filling phases, it fails to capture the morphology of the signal during the ejection and relaxation phases. Moreover, the model is unable to reproduce changes in the morphology of the signal observed clinically during respiration. In this study, the previously developed 3D electromechanical model is extended to include a representation of the sternum and surrounding internal organs. It is hypothesized that the movements recorded by SCGs arise from pressure (compression and expansion) changes in the thoracic cavity between the heart and the chest wall. This hypothesis is confirmed by both model results and experimental data.
Materials and methods

Electromechanical model
An image-based 3D electromechanical model of canine ventricles ( Fig. 2(a) ) was described in our previous study [12] . Briefly, the geometry of the model and the fiber and laminar sheet architecture were obtained from magnetic resonance (MR) and diffusion tensor MR images. The electromechanical activity of the heart is simulated by a combination of several models, namely a monodomain model of electrical propagation, a biophysical model of membrane kinetics, a biophysical model of cardiac myofilaments, and a continuous model of passive mechanics. Since the fiber orientations of the trabeculae and papillary muscles are unavailable from diffusion tensor MR imaging due to the partial volume effect, a functional layer of fibers is added to the endocardial surface of the ventricles. The fibers in this layer are oriented in the longitudinal direction. The electromechanical model is coupled with the circulatory model to simulate the phases of the cardiac cycle. The surrounding anatomical structures such as the ribs and internal organs are incorporated. To reproduce the SCG morphology of human subjects, the orientation of the ribs with respect to the ventricles was made similar to that in the human chest rather than in the canine chest.
Representation of the sternum and internal organs
A rib is represented as a solid cylinder with a 10-mm radius placed next to the right ventricular apex (Fig. 2(b) ), according to the thoracic position of the heart observed from publically available cine-MR imaging videos [13] . Since the displacement of the ribs due to the contraction of the ventricles is much smaller than the movement of the ventricular walls and does not affect cardiac mechanics, the position of the cylinder is fixed. The pressure of the cylinder on the ventricular surface Pc (as well as the pressure of the ventricles on the cylinder) is simulated using a penalty term, which increases exponentially with the difference between the distance d to the point on the ventricular surface from the axis of the cylinder and the radius of the cylinder r:
where  = 1 kPa and β = 5 mm -1 . Parameters of the model were chosen such that the cylinder did not penetrate the ventricular surface more than 2 mm. The internal thoracic organs that surround the heart are simulated with a cylinder with a 100-mm radius placed behind the posteriolateral wall of the left ventricle (LV).
Since the orientation of ribs changes during inspiration and expiration, simulations were performed with a control orientation (inspiration) and a rotated orientation (expiration) (Fig. 2(b) ), where the ribs were directed 15° more toward the longitudinal axis of the ventricles than in the control case.
Seismocardiographic signals
The seismocardiographic signal was represented as a function of pressure acting on the rib cylinder. Since the mechanical properties of the sternum during contraction were unknown, two extreme cases were considered: 1) the elastic term was much greater than the viscous term (elastic case); and, 2) the viscous term was significantly greater than the elastic term (viscous case) of the Kelvin-Voigt model. Thus, the acceleration of the chest was proportional to either the first or second temporal derivative of the pressure on the rib cylinder for the viscous or elastic case, respectively.
Clinical SCG and doppler ultrasound recordings
The experimental seismocardiographic signals were recorded by placing a piezoelectric accelerometer on the sternum of each patient in the midline with its lower edge at the xiphoid process, as shown in Fig. 3 . The sensor (model 393C, PCB Piezotronics, New York, USA) had a linear response between 0.3 and 800 Hz and a sensitivity of 1.0 V/g. A 2-MHz pulsed Doppler instrument (MultiFlow, DWL GmbH, Sipplingen, Germany) was used in the parasternal region to record the velocity of the blood in the aorta. This velocity was differentiated with respect to time to obtain the acceleration of aortic blood.
The ultrasound measurements in the present study were made at an insonation depth of 6.5-7.5 cm with the sample volume located 1.0 to 1.5 cm above the aortic valve. The optimum position of the probe was chosen to give the maximum peak velocity with minimal spectral broadening and a clearly identified upstroke on each beat. This was assessed from the spectrum analyzer display and also by listening to the audio-frequency Doppler signal. The velocity envelope of the Doppler signal was synchronously recorded with the seismocardiographic signal. The velocity envelope provided the most accurate representation of the velocity profile of the blood within a beat and represented the maximum velocity of the blood at any given time. As this study was not designed to investigate absolute values of blood flow velocity but rather the changes in velocity within the aorta, the velocity envelope was an appropriate choice. The Doppler velocity was then differentiated with respect to time in Matlab™ to obtain the acceleration of the blood in the aorta.
The impedance cardiogram was recorded using a bioimpedance cardiac output monitor (BoMed NCCOM3, BoMed Instruments, Irvine, CA). Data were recorded for 10 minutes for each participant while he or she was breathing and lying still in the supine position, as shown in Fig. 3 . A sampling rate of 2.5 kHz was used to record all the signals synchronously using a data acquisition system (NI 9205, National Instruments, Austin, TX). There were 24 participants in the clinical study. Nineteen participants were young adults under the age of 33 (average age of 31 years) without any diagnosed cardiac disorder. The remaining five participants (average age of 66 years) had a history of heart attack and low ejection fraction (<35%) in the past two years. The average age and body mass index for all participants were 38.6 years and 24.4 kg/m 2 , respectively. The impedance cardiogram was not recorded for one participant, and the Doppler ultrasound was not recorded for another participant.
Results
Morphology of simulated seismocardiographic signals
Normalized simulated seismocardiographic signals for cases when the rib are considered elastic (top) and viscous (middle) are shown in Fig. 2 (c) along with the temporal changes in LV volume (bottom). Although the seismocardiographic signals in the elastic and viscous cases look similar, only that in the viscous case exhibits key features during isovolumic contraction. Consistent with previous publications [5] [6] [7] and the experimental results presented in this paper, the negative and the global positive peaks occur at the beginning of isovolumic contraction and at the instant of aortic valve opening (the beginning of the ejection phase (2) during which the LV volume decreases), respectively. During ejection (2), there is a rapid decrease followed by a slow increase in the acceleration in both the elastic and viscous cases. The negative peak of acceleration in the seismocardiographic signal during the ejection phase coincides with the largest velocity and the largest acceleration of ejected blood from the ventricles in the elastic and viscous cases, respectively. Local negative and positive peaks occur during the isovolumic relaxation (3) and ventricular filling (4) phases.
Longitudinal displacement velocity
Since the sternum is located near the right and left ventricular apex, SCG morphology is affected by ventricular contraction in the longitudinal direction of the ventricles. To explain the origins of the negative and positive peaks in an SCG, which occur during the isovolumic contraction phase, the longitudinal displacement of the LV apex was recorded. As shown in the previous section, the viscosity of the ribs plays a major role in the formation of SCG peaks during the isovolumic phase; therefore, the longitudinal velocity of the LV apex was calculated (Fig. 2(d) ). The rapid increase of longitudinal velocity during the isovolumic phase (1) results in a negative peak in the SCG since the pressure on the rib cylinder decreases. The negative peak of longitudinal velocity, which follows this positive peak, is much smaller. However, the rising LV intracavitary pressure amplifies the force acting on the rib cylinder, which, in turn, results in a pronounced positive peak of the seismocardiographic signal at the end of isovolumic contraction. The longitudinal displacement of the LV apex is illustrated in the images of the anterior ventricular surface in Fig. 2(e) . This figure confirms that the longitudinal dimension of the ventricles decreases at the end of isovolumic contraction.
Effect of rib orientation on seismocardiographic signal
Changing the orientation of the rib by 15 affected the peak amplitudes in the SCG as well as the morphologies (Fig. 2(c) ), signals represented by dashed lines). Unlike in the experiment (see Fig. 1 ), the morphology of the simulated seismo-cardiographic signal does not change significantly during respiration. An additional positive peak (indicated by asterisk in Fig. 2 (c) appears at the beginning of isovolumic contraction and the magnitude of the negative peak decreases in both the elastic and viscous cases. The magnitude of the seismocardiographic signal also changes during the ejection and isovolumic relaxation phases of the cardiac cycle. These differences are especially pronounced in the model with a viscous term. There is a local positive peak during ventricular filling, which appears after rotation of the rib in the viscous case (indicated by X in Fig. 2(c) ).
Experimental observations
The ensemble averages of the Doppler velocity, acceleration signal, SCG, impedance cardiogram (ICG), and electro-cardiogram (ECG) for one participant are presented in Fig. 4 . It can be seen that the acceleration of the blood in the aorta (black curve) begins to decrease just prior to the SCG point, which corresponds to aortic valve opening indicated in the SCG and starts to increase after the opening of the valve. This is confirmed by point B in the ICG. The acceleration reaches its global peak at approximately the same time as the SCG global minimum. To show that the global maximum of acceleration in the aorta (Doppler-max) and the minimum of the seismocardiographic signal (SCG-min) occur at approximately the same time, the experimental data were analyzed as described below.
Doppler-max was determined from the suprasternal Doppler ultrasound signal and compared to SCG-min, as shown in Fig. 4 . For each subject, the Doppler signal was ensemble averaged over multiple heartbeats and the timing of the global maximum of the ensemble averaged signal was identified as Doppler-max. SCG-min was determined as the local minimum in the seismocardiographic signal following the aortic valve opening (the local maximum on the seismocardiographic signal after the Q-wave of the ECG) for every heartbeat. For each subject, the data acquisition lasted 10 minutes and the final ensemble average was performed on 550 to 800 heartbeats depending on the heart rate of the individual participant. The ensemble averaging was performed by detecting the ECG's QRS complex for each heartbeat and aligning all the signals with respect to the detected R peaks. An algorithm based on filter banks was used for the detection of the QRS wave [14] .
The SCG-min and Doppler-max values are presented in Table 1 and plotted in Fig. 5(a) . The mean of SCG-min values (black dot) and the 95% confidence interval are shown in Fig. 5(b) . The 95% confidence interval was calculated as the (mean ± 1.96 × standard deviation) of the SCG-min values. It was found that the Doppler-max values are located within the 95% confidence interval of SCG-min for 21 out of the total 23 participants for whom a Doppler recording was made. The one clear outlier was subject 23, who was one of five patients with low ejection fraction. The other exception was subject 11, for whom Doppler-max was slightly below the 95% interval while still being very close to the average (see Fig. 5(b) ). A strong correlation coefficient between these two independent measures by Doppler and SCG (r = 0.85, Fig. 5(a) ) and a paired t-test (p = 0.15) indicate that there is no significant difference between the two means of Doppler-max.
Since subject number 23 had a pacemaker, the ICG could not be recorded for safety reasons but in the other 23 subjects for whom a ICG recording was made, the time of aortic valve opening was calculated from SCG and ICG, respectively. Due point was estimated from the ensemble averaged ICG signal by determining the B point and from the local maximum of SCG after the ECG R-wave (Table 1) .A paired t-test (p = 0.92) indicates that the null hypothesis that the means of the two methods are equal cannot be rejected. Finally, Bland and Altman analysis [15] yielded a mean bias of 0.15 ms with a standard error of 1.54 ms and lower and upper limits of agreement of -14.6 ms and 14.9 ms, respectively (Fig. 6 ). An M-mode echocardiography study also found that the first positive peak in the SCG comes after the ECG R-wave due to the opening of aortic valve [4] . 
Discussion
This study employed a modified image-based anatomically accurate canine model of ventricular contraction to investigate SCG morphology and to explain the morphology of clinically recorded SCG. The main findings of this study are as follows: The simulation results reveal that the SCG peaks corresponding to aortic valve opening and maximum acceleration of the blood in the aorta result from ventricular contraction in the longitudinal direction of the ventricles and decrease in the dimensions of the ventricles due to the ejection of blood. Both the elastic and viscous properties of the chest affect the seismocardiographic signal morphology. The isovolumic peaks of the seismocardiographic signal arise from the longitudinal contraction of the ventricles. Doppler-max and SCG-min are related peaks in the Doppler and seismocardiographic signals. The relationship between these two signals was observed in both experiments and simulations. The model results suggest that the rotation of the rib with respect to the heart has a minor effect on seismocardiographic signal morphology during the respiratory cycle.
Elastic and viscous components of seismocardiographic signal
To explain the SCG morphology, the seismocardiographic signal was simulated in the model with either elastic or viscous properties of the chest. The major peaks in the experimental SCG can be found on the SCG computed from the model with the elastic or viscous case (see Fig. 2(c) ). The seismo-cardiographic signal of the viscous case contains a peak that corresponds to aortic valve opening, as observed in the experiments. The negative peak in the SCG at the ejection phase (SCG-min), which occurs at the maximum acceleration of blood flow in the aorta, was found in the simulated seismocardiographic signal for the elastic case. Representing the ribs with both viscous and elastic properties would likely produce a signal that exhibits the morphology observed in the experiment.
Changes in longitudinal displacement velocity during isovolumic contraction
The negative and positive peaks during the isovolumic phase of contraction are key features of SCG morphology during systole. The results demonstrate that the negative peak arises due to longitudinal displacement of the ventricles. During isovolumic contraction, the LV apex moves rapidly towards the base, as evidenced by an increase in longitudinal velocity. The longitudinal velocity then decreases at the end of isovolumic contraction. These changes in longitudinal velocity are consistent with experimental recordings of longitudinal strain [16] .
In the framework of the model, contraction in the longitudinal direction is explained by the ventricular activation sequence and the fiber geometry of the heart. The electrical impulse travels through the Purkinje network to the endocardium, the inner most layer of the working myocardium. The endocardial myofibers are oriented preferentially longitudinally. Activation of these myofibers results in the development of active stress in the longitudinal direction, which in turn leads to longitudinal contraction of the ventricles. Then, electrical activation propagates transmurally from the endocardium to the epicardium (outer layer of the ventricles), resulting in activation of myofibers oriented more circumferentially. As these layers contract, the short-axis diameter of the ventricles decreases, and since the ventricular volume is constant, the shortening of these circumferentially oriented myofibers impedes longitudinal contraction, leading to a positive peak in the SCG. Other factors that may determine the positive isovolumic peak in the SCG include the asymmetry in contraction between the right and left ventricles and increasing intracavitary pressure.
Comparison of SCG in simulations and the experiment
The simulation results provide an interpretation of the experimental findings described above. The origins of SCG peaks during the isovolumic contraction phase, and in particular the origin of the aortic valve opening peak, have been elucidated. In this section, the morphology of the signal during the ejection and isovolumic relaxation phases of cardiac cycle is analyzed. It is difficult to definitively determine the origin of all peaks in the experimental SCG. Therefore, the analysis is limited to the major peaks.
In the model, the maximum acceleration of the blood in the aorta (Doppler-max) coincides with the negative peak in the SCG (SCG-min) for the elastic case. During ejection, the dimensions of the ventricles decrease, thus releasing the pressure of the ventricles acting on the ribs. Note that because the aortic valve opens instantly and inertia of blood flow is not taken into account in the model, there are no slow and rapid phases of ejection (Fig. 2(c) ). Therefore, in contrast to the experimental data, the maximum acceleration of blood ejected from the ventricles and the negative peak in the SCG for the elastic case occur right at the beginning of ejection.
The experimental positive peak of rapid ejection (RE) follows SCG-min at the beginning of the ejection phase (see Fig. 4 ). In the model, this peak corresponds to a positive peak of the simulated SCG in the elastic case (see phase (2) in Fig. 2(c) ). Similar to Doppler-max, this peak is related to the acceleration of blood ejected from the ventricles, which decreases when this peak occurs.
The acceleration in the experimental SCG decreases following the peak of aortic valve closing (see peak AC in Fig. 4) . The model reproduces this finding and reveals that this decrease in acceleration, which occurs in both the elastic and viscous cases (see phase (3) in Fig. 2(c) ), arises from a decrease in the intraventricular pressure during relaxation.
Effect of rib orientation on SCG morphology
The results demonstrate that changes in the amplitude and morphology of the seismocardiographic signal can be only partially attributed to the changes in orientation of the heart relative to the chest during respiration. Rotation of the cylinder, which represents a rib, results in new peaks right before the isovolumic contraction and at the beginning of the ventricular filling phase (see Fig. 2c , SCG peaks marked by asterisk and X). However, the simulations do not reveal drastic changes in the SCG, as observed experimentally. There may be additional mechanisms that underlie the amplitude and morphology of the seismocardiographic signal. Specifically, the increased pulmonic pressure during inspiration elevates the afterload of the right ventricle and end-systolic right ventricular pressure [17] , thus increasing the pressure of the ventricles acting on the chest. In addition, respiration leads to changes in LV contraction. These alternative mechanisms will be tested with the model in the future.
Limitations
This study is the first step in the modeling of the interaction between the heart and external objects. The particular configuration of the external objects affects the seismocardiographic signal as well as overall cardiac contraction; thus, further studies with a more detailed model of external organs and the chest are required. The aim of the present study was to reproduce only the general shape of the seismocardiographic signal, for which a two-cylinder configuration is sufficient.
A model of canine ventricular electromechanics was employed to simulate seismocardiographic signals, which were compared to clinical data. Both human and canine ventricular walls have similar fiber geometry, in which the fibers rotate transmurally. Because the durations of different cardiac cycle phases are different for canines and humans, the absolute values of the timings of SCG peaks were not compared.
